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Ls            sample thickness  ܳூ           upper block heat transfer rate ܳூூ           lower block heat transfer rate ܳ௦           sample heat transfer rate 
Do                 insulation outer diameter 
D            aluminium block diameter 
Dst           struts thickness 
dlu           node thickness 
T             temperature ܳ௅௢௦௦      heat loss to outside  ?  ܶ         temperature difference 
Greek symbols ߝ             porosity ߩ            density 
Abbreviations 
ETC & Keff   effective thermal conductivity 
PPI          Pores Per Inch 
TPS         transient plan source 
NaCl       sodium chloride  
V.S          very small samples 
S              small samples 
M            medium samples 
L              large samples 
Subscript 
s             sample 
sol          solid 
t             total 
Al           aluminium 
p            pore 
o            outer  
i             inner 
Av         average  
eff         effective 
in          insulation 
 
1. Introduction 
Metal foams and sponges are versatile materials (see for example  [1] and [2]) 
that have a number of thermal applications in regenerators, air-conditioning 
systems, gas turbines, electronic cooling and chemical reactors[3-6]. Their 
main advantage is their high specific area which enhances the heat transfer 
and permits miniaturization of the thermal system. Moreover, their geometric 
construction enhances flow mixing as a result of their tortuous pathways [5, 7]. 
As a result, they have attracted considerable attention in recent times.  The 
thermal conductivity is an important parameter for such applications and can 
be accessed by approximating the porous material as an equivalent 
homogenous medium.  When heat, driven by a temperature gradient, flows by 
conduction in this situation, the use of the Fourier law implies knowledge of 
the effective thermal conductivity (ETC). 
Heat exchange in porous structures is complex as it takes place in two phases. 
There is a network of solid ligaments of generally high thermal conductivity 
and a fluid with lower thermal conductivity [8, 9].  The principle process of 
heat transfer in non-flowing fluid saturated media is conduction through both 
the solid and fluid phases. However, convection and radiation cannot 
necessarily be neglected in all cases [7, 10]. 
In such situations, the effective thermal conductivity, ETC, is no longer a 
property of a single material but depends on both the solid and fluid material 
properties, and also the structure of the porous medium; e.g. its porosity and 
pore size. A further problem with these materials is that the repeatability of 
the morphology is not constant, even when the same manufacturing 
conditions are employed, resulting in an inherent scatter in the material 
properties unless very large samples are tested [5, 11, 12].  
Porous materials are generally characterised using their porosity and pore 
size.  The porosity (ߝ, the inverse of the amount of solid material) is well 
defined and easily measured, it only requires that the mass and volume are 
known. The effective thermal conductivity has been found to be highly 
sensitive to the porosity, increasing as the porosity decreases [5-8, 13-15]. The 
effect of pore size on ETC is less significant, and generally no noticeable effect 
of pore size has been reported [5, 8, 9, 15], provided the pore size is below a 
certain value shown to be 4 mm diameter in closed cell polymer foams  which 
is sufficient to suppress convection [3, 16, 17]. Although it can be 
demonstrated that the pore size has little direct influence on ETC, the pore size 
will influence the foam fabrication process, and by establishing limits on what 
foams may actually be produced (there are usually upper and lower size 
limits). To this extent, pore size can affect the ETC [12, 18]. The pore size itself 
is additionally not well defined as measures including both average pore 
diameters and Pores Per Inch (PPI) are presented in the literature. Conversion 
between the these measures is also subject to ambiguity [3, 17]. 
 There have been a number of attempts to provide theoretical 
approaches (often based on a simplified unit cell structure) and empirical 
correlations to predict ETC in porous materials. The models require some 
assumptions to be made; relating to the topology, the arrangement of the solid 
and fluid phases (whether in series or parallel) and the repeatability of 
distribution of the unit cells [19, 20]. There are many different production 
techniques available [3, 17]. Different production technique and the type of 
material have an effect in terms of strut shape and size, and distribution of the 
pores [21], as well as the base material from which the porous metal is made. 
However, these general approaches have not been successful in predicting the 
ETC of most open celled metal sponges with accuracy. Strategies that go 
beyond simplified unit cell structures have been explored, for example, by 
analysing the real foam structure obtained from 3D computed tomography 
[12] to observe its effects on the ETC.  This can support the development of 
more accurate generic correlations [10, 12, 18], but is limited by the small 
volumes of foams that can be investigated in this way. A review of the wide 
range of theoretical and empirical approaches for porous metals found that 
each model defines a specific morphology and is hence of limited applicability 
to other types [11, 12, 18]. This is discussed in more detail later in this work.  
Both steady state and transient techniques may be used to measure the 
thermal conductivity of complex materials [5, 6, 8-10, 15, 22, 23]. The transient 
method was first demonstrated by Gustafsson et al [24] in 1979 for ETC 
measurements of insulating materials. The most common type of transient 
measurement is the Transient Plane Source technique (TPS) [25, 26], where a 
single element acts as both temperature sensor and heat source . It has been 
widely used to measure the ETC of porous materials [6, 12, 23]. The TPS 
element is positioned between two samples with similar characteristics and 
measures the instantaneous temperature gradient with time [6, 25, 26]. The 
main advantages of this approach are that the tests are easy and rapid, and it 
is possible to measure a wide range of thermal conductivities [6, 10]. The 
analysis can be complex and quantification of uncertainty difficult [10]. Special 
care of the thermal contact resistance in terms of surface roughness and 
contact pressure is required [6].   
 There are a number of steady state methods which can be used to 
measure the thermal conductivity [10].  The basic principle of a steady state 
method is to measure the temperature gradient along a sample length under 
steady state conditions. The rate of heat transfer is obtained by measuring the 
temperature difference across a known reference material [9, 27] or the 
dissipated heat from the temperature change in a water bath [5]. The main 
advantages of this method are the simplicity of the evaluation technique, good 
precision and accuracy and the opportunity to conduct unidirectional 
measurements [10].  Whilst the main disadvantages are the long times 
required to achieve steady state conditions, complicated instrumental 
procedure and the potential difficulties due to thermal contact (which can be 
especially challenging for a porous matrix [10]).  
The primary objective of the experimental work reported here was to 
measure the effective thermal conductivity of open celled aluminium porous 
metals with different pore densities and the assessment of models and 
empirical correlations at a lower range of porosities than previously available. 
In this study a comparative steady state method was used where heat transfer 
through the porous media is allowed to become constant, permitting the 
ĂƉƉůŝĐĂƚŝŽŶŽĨ &ŽƵƌŝĞƌ ?Ɛ ůĂǁ [5, 9, 27].  Most previous investigations on open 
celled metal sponges have examined materials with high porosity (ߝ > 0.9).  
This study aims to experimentally measure the ETC at a lower range of 
porosities (0.57 < ߝ < 0.77) using aluminium sponges manufactured using the 
replication method [28]. The fluid was air. Four different pore sizes (based on 
the size of the particles used to manufacture the material) were tested, 
ranging from 0.8 to 2.1 mm in average diameter. The validity of available 
models and correlations in the literature was tested.   
 
2.  Metal samples 
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Figure 1. Low magnification images of the surface appearance of different pore size 
samples. 
 
The samples ? porosities ranged from 0.57 to 0.77 with different pore sizes 
and uncertainties less than 0.7%.  Shown in Figure 1 are the photos of tested 
samples for different pore sizes. The sample specifications and effective 
thermal conductivity results are given in Table 1. 
Table 1 Geometrical parameters and experimental results of effective thermal conductivity of aluminium metal sponge samples 
Sample
 A ߝ ܭ௘௙௙  
W/m.K 
Sample 
B ߝ ܭ௘௙௙  
W/m.K 
Sample
 
C 
ߝ ܭ௘௙௙  
W/m.K 
Sample
 C ߝ ܭ௘௙௙  
W/m.K 
Sample
 D ߝ ܭ௘௙௙  
W/m.K 
V.S-1 0.7225 21.45 S-1 0.6301 33.15 M-1 0.6103 36.92 M-17 0.7578 21.22 L-1 0.6158 34.17 
V.S-2 0.6962 23.67 S-2 0.6272 33.20 M-2 0.6205 35.80 M-18 0.6853 28.58 L-2 0.5943 40.00 
V.S-3 0.666 24.34 S-3 0.6184 36.76 M-3 0.6323 33.29 M-19 0.6816 25.42 L-3 0.6371 33.39 
V.S-4 0.659 35.98 S-4 0.6272 35.00 M-4 0.6425 32.31 M-20 0.7170 22.67 L-4 0.6116 37.80 
V.S-5 0.6822 31.96 S-5 0.6960 26.37 M-5 0.6308 33.79 M-21 0.6919 23.90 L-5 0.6235 31.85 
V.S-6 0.6595 27.61 S-6 0.6992 25.71 M-6 0.6000 37.62 M-22 0.7091 26.01 L-6 0.6207 31.10 
V.S-7 0.6643 27.34 S-7 0.7302 21.11 M-7 0.6369 32.19 M-23 0.7306 24.55 L-7 0.6612 29.54 
V.S-8 0.715 26.63 S-8 0.6683 29.73 M-8 0.6415 31.22 M-24 0.6896 26.38 L-8 0.6492 31.60 
V.S-9 0.665 36.32 S-9 0.6680 27.93 M-9 0.6168 36.23 M-25 0.7018 28.20 L-9 0.6491 33.44 
V.S-10 0.643 35.3 S-10 0.6990 23.39 M-10 0.6922 28.93 M-26 0.6937 24.84 L-10 0.6974 25.01 
V.S-11 0.680 31 S-11 0.7246 22.26 M-11 0.6902 27.30 M-27 0.5750 42.21 L-11 0.7075 24.65 
V.S-12 0.679 28 S-12 0.7107 22.04 M-12 0.6766 28.00    L-12 0.7224 26.04 
   S-13 0.6770 30.38 M-13 0.7628 19.90    L-13 0.6929 25.83 
   S-14 0.7227 26.50 M-14 0.7796 16.60    L-14 0.6907 27.24 
      M-15 0.7527 20.00    L-15 0.7222 21.27 
      M-16 0.6317 30.00    L-16 0.7311 22.44 
A- Very small pore size samples (dp=0.7-1.0 mm & PPI=20-25) 
B- Small pore size samples (dp=1.0 -1.2 mm & PPI=15-20) 
C- Medium pore size samples (dp=1.4 -1.7 mm & PPI=10-15) 
D- Large pore size samples (dp=2.0 - 2.4 mm & PPI=5-10) 
 
3. Experimental Apparatus and Effective Thermal Conductivity Calculations 
       Shown in Figure 1 is a schematic diagram of the apparatus used to estimate 
the effective thermal conductivity in this study. The method used is 
comparative steady state which is widely employed to measure the ETC of 
porous materials, e.g. [5, 9, 27].   
 
Figure 1. A schematic diagram of a comparative steady state technique used for effective 
thermal conductivity measurements. 
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Figure 3 experimentally recorded temperatures with time for a single test.  Positions 1 and 2 
refer to either side of the heated aluminium block and positions 3 and 4 refer to the water 
cooled block.  
The one dimensional heat transfer problem was applied in the upper 
and lower aluminium blocks and the porous metal sample, when at thermal 
equilibrium (steady state). The average of the heat transfer rates in the upper 
and lower aluminium blocks was used to obtain the ETC of the porous material 
sample. 
Assuming no radial conduction, radiation or convection heat transfer the 
heat flux is a function of the sample thickness only. The heat balance equations 
through the upper and lower blocks are: 
                ܳூ ൌ െܣǤ ܭ஺௅ డ்డ௑ ൌ ܣǤ ܭ஺௟ ሺ்ಲೡభି்ಲೡమሻ௅భ                 3.1 
                ܳூூ ൌ െܣǤ ܭ஺௅ డ்డ௑ ൌ ܣǤ ܭ஺௟ ሺ்ಲೡయି்ಲೡరሻ௅మ                 3.2 
           The heat loss (Qloss) to the environment was estimated by applying the 
heat equation through the insulation material.  The inner side temperature of 
the insulation (Ti) was assessed by the average of outer temperatures at all 
levels:    
                                         ܳ௅௢௦௦ ൌ ଶగ௅ೞ௄೔೙ሺ்೔ି ೚்ሻ୪୬ሺ஽೚ ஽ൗ ሻ     3.3 
where: 
A= cross sectional area of the sample and aluminium block, m
2
 ܭ஺௅= thermal conductivity of aluminium block material, W/m.K ܭ௜௡= thermal conductivity of insulation material, W/m.K 
L1, L2 and Ls are the lengths of the upper block, lower block and sample 
respectively.  
The heat flow through the sample is the average of both heat flow 
through the upper and lower aluminium blocks corrected by subtracting the 
heat loss to the surroundings: 
                                            ܳ௦ ൌ ொ಺ାொ಺಺ଶ െ ܳ௅௢௦௦    3.4 
The effective thermal conductivity can be found by applying the energy 
balance equation through the sample as 
                                            ܭ௘௙௙ ൌ ܳ௦Ǥ ܮ௦Ȁܣሺ ஺ܶ௩ଶ െ ஺ܶ௩ଷሻ     3.5 
The experiment was repeated by rotating the samples, and the average value 
of the results obtained is reported.  The results and geometrical specifications 
of the tested porous aluminium samples were given in Tables 1.  To calibrate 
the thermal conductivity measurements, three solid materials of known 
characteristics (aluminium, brass and steel) were also tested. Their thermal 
conductivities were found to be within 5% of the published values [30]. 
Whilst in this analysis natural convection was assumed to be negligible 
previous workers have demonstrated that it can contribute to heat transfer in 
this type of test [9]. To test for its impact the rig was rotated such that the heat 
source was below the sample. This configuration has been shown to encourage 
air movement within the pores due to buoyancy forces [9]. Natural convection 
depends on the temperature, and so measurements were performed for a 
range of heater temperatures; the results are shown in Fig. 4 for large pore size 
samples.  The effective thermal conductivity increased with temperature, as 
might be expected as both the thermal conductivity of air and aluminium 
increase with temperature.  However, once these factors were taken into 
account, it was found that the relative contribution of convection also 
increased by ~1% for an 8
ම
C rise in the air temperature.   
 
 Figure 4. The impact of temperature on the contribution of natural convection to ETC 
The dependence of sample properties on convection was explored by 
testing four large pore size samples (dp = 2.0 - 2.4 mm) with different porosities 
in both upward and downward configurations.  Shown in Figure 5 is the effect 
of porosity on the contribution of convective heat transfer to ETC, including 
data from a high porosity aluminium foam [9] whose pore size is roughly 
equivalent to the pore size tested here. The contribution of natural convection 
is calculated as the percentage increase in ETC when measured with heat flow 
vertically upwards, over the value when it flows in the opposite direction 
(suppressing the convection contribution), and is found to increase with 
porosity as a result of increased fluid space. However, the overall contribution 
from natural convection remains low. Subsequent measurements were 
performed with the direction of heat downwards to minimize influence of 
convective heat transfer. 
 
Figure 5. The effect of porosity on the natural convection contribution on ܧܶܥ (33°C) 
4. Uncertainty analysis 
There are a number of measured parameters which lead to the main 
uncertainties in this experimental work. These parameters should be taken 
into account to estimate the errors in ETC and porosity. Porosity can be 
expressed as function of cross sectional area (ܣ), length (ܮ௦) and sample mass 
(݉௦) of the sample:   ߝ ൌ ݂ሺܮ௦ǡ ܣǡ ݉௦ሻ     4.6 
The uncertainty of the porosity can be estimated [7, 14, 15, 35] as: ߜߝߝ ൌ ඨ൬ߜܣܣ ൰ଶ ൅ ൬ߜܮ௦ܮ௦ ൰ଶ ൅ ൬ߜ݉௦݉௦ ൰ଶ     4.7 
The other important parameter is heat transfer and its uncertainty is function 
of the error in upper and lower heat flux meters (ܳூ ǡ ܳூூ), physical dimensions 
of the sample and temperature differences ( ? )ܶ as: ܳ௦ ൌ ݂ሺܮ௦ǡ ܣǡ ܳூ ǡ ܳூூ ǡ  ?ܶሻ     4.8 
Therefore, the uncertainty can be found as  ߜܳ௦ܳ௦ ൌ ඨ൬ߜܣܣ ൰ଶ ൅ ൬ߜܮ௦ܮ௦ ൰ଶ ൅ ൬ߜܳூܳூ ൰ଶ ൅ ൬ߜܳூூܳூூ ൰ଶ ൅ ൬ߜ ?ܶ ?ܶ ൰ଶ     4.9 
Considering the relation which used to calculate the effective thermal 
conductivity the related parameters can be expressed as follows: ܭ௘௙௙ ൌ ݂ሺܮ௦ǡ ܣǡ ܳ௦ǡ  ?ܶሻ     4.10 
Then the uncertainty of the effective thermal conductivity can be as  ߜܭ௘௙௙ܭ௘௙௙ ൌ ඨ൬ߜܣܣ ൰ଶ ൅ ൬ߜܮ௦ܮ௦ ൰ଶ ൅ ൬ߜܳ௦ܳ௦ ൰ଶ ൅ ൬ߜ ?ܶ ?ܶ ൰ଶ     4.11 
The uncertainties of parameters which were used in the valuation of effective 
thermal conductivity are given in Table 2. From the above calculation the 
uncertainty of the porosity was found to be <1.8% and the uncertainty of the 
effective thermal conductivity was <6.1%. 
Table 2 Parameters Uncertainties 
Parameter Uncertainty 
Sample length (Ls) 0.4% 
Sample Area (A) 0.8% 
Sample Weight (ms) 0.25% 
Porosity (ߝ) 1.8% 
Temperature Difference ( ? )ܶ 0.25මC 
 
5. Experimental Results: 
Shown in Figure 6 are the measured effective thermal conductivities of 
tested samples plotted against porosity. There was some scatter in the results 
which is inherent from the nature of porous metals, the manufacturing process 
and the size of samples that could be manufactured.   
 
Figure 6.  The effective thermal conductivity versus porosity 
 (Ks=205 W/m.K, temperature is 33
෾
C) 
In order to compare the measured values of ETC with those available in the 
literature, ETC is presented (Figure 7) normalized with the thermal conductivity 
of solid material from which the porous structure is made.  The results of other 
workers are also presented. 
 
 Figure 7 Normalized thermal conductivity versus porosity 
It can be seen that for the samples tested here, and those of other workers, 
the ETC decreased as the porosity increased. The foams manufactured by 
Solórzano et al. by the powder metallurgical method resulted in closed cells 
with a similar range of porosities to those manufactured here. They used the 
Transient Plane Source (TPS) technique to determine ETC.  Three 
representative measurements of high porosity metal foams manufactured 
using investment casting have been included. The samples tested in Paek et 
al[5] and Bhattacharya et al [15] are Duocel foams, produced by the ERG 
Materials and Aerospace Corp.  Dyga and Witczak [9] do not mention the origin 
of their samples but are reported as ranging from 20 to 40 PPI.  All used a 
similar method to determine ETC as the one used here. 
The thermal conductivity of the air (fluid phase) was smaller than the 
aluminium (solid phase) hence the main mechanism of heat transfer was 
conduction through the ligaments of the metal network. Reducing the volume 
fraction of the fluid (decreasing porosity) increases the thickness of the struts 
(the elements of the solid skeleton) which form the unit cells resulting in 
higher values of ETC.  For the range pore sizes typically found in these 
materials the size of the pores does not have an influence on ETC. 
6. Validity with correlations and models 
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ƐƚƌƵĐƚƵƌĂůďĂƐĞĚŵŽĚĞůƐŚĂǀĞďĞĞŶĚĞǀĞůŽƉĞĚ ?ŚŽǁĞǀĞƌ ?ƚŚĞŽƌĞƚŝĐĂůŵŽĚĞůƐŽĨ
d ŽĨƚĞŶ Ɛƚŝůů ƌĞůǇ ŽŶ ĞǆƉĞƌŝŵĞŶƚĂůůǇ ĚĞƚĞƌŵŝŶĞĚ ĐŽŶƐƚĂŶƚƐ ƚŽ ĂĐĐŽƵŶƚ ĨŽƌ
ŵĂŶƵĨĂĐƚƵƌŝŶŐǀĂƌŝĂďŝůŝƚǇĂŶĚƚŚĞĚŝĨĨŝĐƵůƚŝĞƐŝŶƌĞƉƌĞƐĞŶƚŝŶŐƚŚĞĐŽŵƉůĞǆƚŚƌĞĞ
ĚŝŵĞŶƐŝŽŶĂůƐƚƌƵĐƚƵƌĞƐ ? ? ? ? ? ? ?DŽĚĞůƐŚĂǀĞŽĨƚĞŶďĞĞŶďĂƐĞĚŽŶĂŶƵŵďĞƌŽĨ
ƐƚƌƵĐƚƵƌĞƐ ƐƵĐŚ ĂƐ Ă ƚǁŽ-ĚŝŵĞŶƐŝŽŶĂů ĂƌƌĂǇ ŽĨ ŚĞǆĂŐŽŶĂů ĐĞůůƐ  ? ? ? ĂŶĚ  ?
ƚĞƚƌĂŬĂŝĚĞĐĂŚĞĚƌŽŶĐĞůů ? ? ? ? ? ? ? 
The materials studied here have lower porosities and a more random 
structure than some other types of porous material so their ETC would not 
necessarily be expected to agree with equations derived for alternative types 
of metal foam or sponge.  However, it is desirable to have an expression that 
can predict ETC for porous metals over the range of porosities from 0.5 to 
values approaching 1.0.  A number of models and correlations have been 
selected and compared to available measurements of ETC, which are given in 
Table 3.  Three simplified models were used, one based on the assumption that 
conduction through the solid material can be either in series or parallel. A 
simple scaling expression was also used, along with ƚŚĞƵů ?ŶĞǀ model [8, 15, 
36], and an analytical model based on the numerical and 3D tomographic 
structure parameters in terms of ratio between the thickness of the struts and 
the nodes (referred to as lumps in the originating work, and preserved in the 
notation here, Dst/dlu) and the node shape [18]. Two empirical expressions for 
high porosity (> 90%) foams are also compared to our experimental 
measurements. These are being applied beyond their proven range of 
applicability to observe if they might extend to lower porosity materials. 
 
Table 3. Models and empirical correlations:  
Name                                                                                                    Expression                                          
Simplified models: 
Simplified Coquard et al. model [18]                    ܭ௘௙௙ ൌ ߙሺ ?െ ߝሻ ൅ ߯ሺ ?െ ߝሻଶ     
                                                                                   ߙ ൌ ݂ ൭ܦ௦௧ ݀௟௨ൗ ൱, ߯ ൌ ݂ ൭ܦ௦௧ ݀௟௨ൗ ൱ 
Simplified Series  W Parallel                                          ܭ௘௙௙ ൌ ܭ௦ሺ ? െ ߝଶ ଷൗ ሻ                                              
and Misnar Models [6]    
 
Ƶů ?ŶĞǀDŽĚĞů [37]                                                      ܭ௘௙௙ ൌ ܭ௦ݐଶ ൅ ܭ௙ሺ ? െ ݐሻଶ ൅ ଶ௧ሺଵି௧ሻ௄ೞ௄೑௄ೞሺଵି௧ሻା௧௄೑ 
                                                                            where ݐ ൌ ଵଶ ൅ ቀଵଷ ܿ݋ݏିଵሺ ?ߝ െ  ?ሻ ൅ ସగଷ ቁ     
Scaling Relation [6, 38]                                                ܭ௘௙௙ ൌ ܭ௦ሺ ? െ ߝሻ௡ 
                                                                            where ݊ א ሾ ?Ǥ ? ?ǡ ?Ǥ ? ?ሻ   
Empirical Correlations for high porosity foams:                                             
Bhattacharya et al. [15]                                                ܭ௘௙௙ ൌ ܣሺߝܭ௙ ൅ ሺ ? െ ߝሻܭ௦ሻ ൅ ଵା஺ഄ಼೑ାభషഄ಼ೞ  
                                                                                       where A= 0.35                                                       
    
The selected correlations and models are plotted with experimental data 
(our own and that of other workers) in Figure 8.  
 
Figure 8 Empirical correlations and simplified models versus porosity. 
From Figure 8 it can be seen that there is considerable variation in the 
predicted ETC, with mismatches between empirical correlations and the 
experimental results across the full range of porosity. The experimental data 
might be considered to be in better agreement than the proposed fits, the 
scatter observed between the samples tested here being less than that of the 
predictions.  This, in part, reflects the lack of experimental data that has been 
available for porous materials and the necessity for further measurements.  
The series-parallel or Minsar models over predicted ETC at all porosities by 
65% at a porosity of 70% and 86% at a porosity of 95%. The two models 
derived for high porosity materials, Bhattacharya et al.[15],  and Singh et 
al.[36], tend to under predict ETC at lower porosities by 24% and 50% at a 
porosity of 60% respectively, indicating some material/structural difference in 
the materials at this range from the higher porosity form.  Scaling relationships 
gave reasonable agreement for some of the measurements but tended not to 
Singh et al. [36]                                                          ݇௘௙௙ ൌ ܭூሺଵିிሻܭூூி     ?ч&ч ?    
                                                                                       ܭூ ൌ ௄ೞ௄೑ሺଵିఌሻ௄೑ାఌ௄ೞ                                  
                                                                                       ܭூூ ൌ ߝܭ௙ ൅ ሺ ? െ ߝሻܭ௦ 
                                                                                       ܨ ൌ  ?Ǥ ? ? ? ?ሺ ?Ǥ ? ? ? ?൅  ?Ǥ ? ? ? ?ሺߝ ௄ೞ௄೑ሻሻ 
work for material where the porosity was greater than 90% where they under 
predicted ETC by 77% at a porosity of 95%. dŚĞƵů ?ŶĞǀ model predicted ETC 
well across the whole range of porosities, although the values of the effective 
thermal conductivity for the high porosity foams are so low the relative error 
will be significant. The successful predictions of this model is likely to relate to 
the fact that the fibrous structure in the model is assumed to be an infinite 
random arrangement of cylinders. The replacement of the cylinders with 
square bars of the same cross sectional area will not affect ETC [37], and so this 
random arrangement is a good representation of the strut structure of the 
tested foams.   
 Further to this, the shapes of the nodes and struts have a measurable 
effect on the predicted ETC. The cross sectional shape of metal fibre (strut) 
changes with porosity, from a circle at a porosity of 85% to a concave triangle 
when the porosity reaches 97% [15, 21, 39]. To include the effect of the 
thickness ratio of the nodes and struts, the predicted ETC from the Coquard et 
al model [18] was compared with experimental results with cubic and 
parallelepipedic node shapes. For both shapes at high Dst/dlu the ETC under 
predicted at low porosity by 15% and 36% for parallelepipedic and cubic nodes 
respectively, and tends to good estimation at very high porosities with high 
and low ratio. The overestimated values were found at lower porosities with 
very low Dst/dlu. When the ratio is 2.0 the shape of the nodes tends to a 
measurable difference of around 8% at a porosity of 65%. In this model the 
thickness ratio between the nodes and struts needs to be obtained accurately 
in order to be able to predict a reliable ETC value.   
 The analytical and numerical approaches describe the typical shape of 
unit cells as homogenous, without any misalignment or other defects, which in 
reality will be common. Such features will be the origin of the differences 
between the predictions and the experimental results.      
To further investigate the relationship between ETC and porosity an 
empirical scaling relationship was derived where: ܭ௘௙௙ ൌ ܭ௦ሺ ? െ ߝሻ௡ୀ௙ሺఌሻ     6.1 
Such that n was itself a function of the porosity.  It was initially anticipated that 
n would be a linear function.  Shown in Figure 9 is the value of the exponent n 
plotted against porosity for each experimental data point.  The measurements 
from this study and those of other workers presented in Figure 7 were used.  
The value of n was observed to gently decrease with increasing porosity but 
then rapidly tail off beyond a porosity of 0.8.  In order to fit these data a power 
law was investigated, also shown in Figure 9, as a dashed line.  The best fit was 
found to be: ݊ ൌ  ?Ǥ ? ?ሺ ? െ ߝሻ଴Ǥଵ଺     6.2 
Resulting in final form of the empirical scaling law for porous metals for with 
pore fractions ranging from 0.5 to 0.98 to be  ܭ௘௙௙ ൌ ܭ௦ሺ ? െ ߝሻଶǤଵହሺଵିఌሻబǤభల     6.3 
 
 
Figure 9.  The exponent n from the proposed empirical scaling relationship as a function of 
porosity. 
 
 Figure 10 Predicted effective thermal conductivity by modified correlation versus porosity 
^ŚŽǁŶ ŝŶ &ŝŐƵƌĞ  ? ? ĂƌĞ ƐĞůĞĐƚĞĚ ĞǆƉĞƌŝŵĞŶƚĂů ĚĂƚĂ ǁŝƚŚ ƚŚĞ ƉƌŽƉŽƐĞĚ
ĞŵƉŝƌŝĐĂůůǇ ĚĞƌŝǀĞĚ ƐĐĂůŝŶŐ ůĂǁ ŐŝǀĞŶ ŝŶ ƋƵĂƚŝŽŶ  ? ? ? dŚĞ ĂŐƌĞĞŵĞŶƚ ǁŝƚŚ Ăůů
ƚŚƌĞĞ ĨŽƌŵƐ ŽĨ ƉŽƌŽƵƐ ŵĂƚĞƌŝĂů ŝƐ ĐŽŶƐŝĚĞƌĞĚ ƚŽ ďĞ ŐŽŽĚ ?  dŚĞƌĞ ŝƐ ƐŽŵĞ
ĚĞǀŝĂƚŝŽŶǁŝƚŚƚŚĞ  ?ůŽǁ ?ƉŽƌŽƐŝƚǇƐŝŶƚĞƌĞĚŵĞƚĂů ĨŽĂŵƐ  ?ǁŚŝĐŚĂƌĞĐůŽƐĞĚĐĞůů ?
 ? ? ?ǁŚŝĐŚŚĂĚƐůŝŐŚƚůǇŚŝŐŚĞƌdƚŚĂŶƚŚĞŽƉĞŶĐĞůůĞĚŵĂƚĞƌŝĂůƐƉƌŽďĂďůǇĚƵĞ
ƚŽ ƚŚĞ ƐƚƌƵĐƚƵƌĂů ĚŝĨĨĞƌĞŶĐĞ ? ůƐŽ ƐŚŽǁŶ ŝŶ &ŝŐƵƌĞ  ? ŝƐ ƚŚĞ ƉƌĞĚŝĐƚŝŽŶ ďǇ ĂŶ
ĂŶĂůǇƚŝĐĂů ĞǆƉƌĞƐƐŝŽŶ ĨŽƌ ĐĞůůƵůĂƌ ŵĞƚĂů ŚŽŶĞǇĐŽŵďƐ  ? ? ? ?   ,ĞƌĞ ƚŚĞ ƚŚŝĐŬŶĞƐƐ
ĂŶĚ ŚĞŝŐŚƚ ŽĨ ƚŚĞ ƐŽůŝĚ ŵĂƚĞƌŝĂů ĚĞĐƌĞĂƐĞƐ ŝŶ ƉƌŽƉŽƌƚŝŽŶ ĂƐ ƚŚĞ ƉŽƌŽƐŝƚǇ
ŝŶĐƌĞĂƐĞƐŝ ?Ğ ?ƚŚĞĐĞůůƐďĞĐŽŵĞƐŵĂůůĞƌĂŶĚƚŚĞǁĂůůƐƚŚŝŶŶĞƌ ?dŚĞƌĞĚƵĐƚŝŽŶŝŶ
ĞĨĨĞĐƚŝǀĞƚŚĞƌŵĂůĐŽŶĚƵĐƚŝǀŝƚǇǁŝƚŚƉŽƌŽƐŝƚǇŝƐŵŽƌĞůŝŶĞĂƌ ŝŶƚŚŝƐƐŝƚƵĂƚŝŽŶ ? /ƚ
ƐŚŽƵůĚďĞŶŽƚĞĚ ƚŚĂƚ ƚŚĞƐĞƌĞƐƵůƚƐĂƌĞŽŶůǇĂƉƉůŝĐĂďůĞ ĨŽƌƵŶŝĚŝƌĞĐƚŝŽŶĂůŚĞĂƚ
ƚƌĂŶƐĨĞƌĂŶĚƚŚĂƚƚŚĞƌĞŝƐĂĚŝĨĨĞƌĞŶƚĐŽƌƌĞůĂƚŝŽŶĨŽƌŚĞĂƚƚƌĂŶƐĨĞƌŝŶĂůƚĞƌŶĂƚŝǀĞ
ƉůĂŶĞƐ ?/ŶĐŽŶƚƌĂƐƚƚŚĞŚŝŐŚƉŽƌŽƐŝƚǇŵĞƚĂůĨŽĂŵƐ ?ߝAN ? ? ? ?ĂƌĞĐŚĂƌĂĐƚĞƌŝƐĞĚďǇ
ƚŚŝĐŬĞŶĞĚŝŶƚĞƌƐĞĐƚŝŽŶƐǁŝƚŚƚŚŝŶŶĞƌǁĂůůƐƌĞƐƵůƚŝŶŐŝŶƌĞůĂƚŝǀĞůǇůŽǁĞƌǀĂůƵĞƐŽĨ
d ƚŚĂŶ ŵŝŐŚƚ ďĞ ĞǆƉĞĐƚĞĚ ŝĨ ƚŚĞ ŵĂƚĞƌŝĂů ǁĂƐ ĚŝƐƚƌŝďƵƚĞĚ ĞǀĞŶůǇ ŝŶ ƚŚĞ
ŵĂƚƌŝǆ ? 
dŚĞĞŵƉŝƌŝĐĂůĞǆƉƌĞƐƐŝŽŶĚĞƌŝǀĞĚŚĞƌĞĐůĞĂƌůǇŚĂƐŝƚƐůŝŵŝƚĂƚŝŽŶƐ ?ŚŽǁĞǀĞƌ ?ŝƚ
ƉƌŽǀŝĚĞƐ ďĞƚƚĞƌ ĂŐƌĞĞŵĞŶƚ ǁŝƚŚ ƚŚĞ ĨƵůů ƌĂŶŐĞ ŽĨ ĞǆƉĞƌŝŵĞŶƚĂů ĚĂƚĂ ƚŚĂŶ ƚŚĞ
ĞǆŝƐƚŝŶŐ ĂŶĂůǇƚŝĐĂů ĞǆƉƌĞƐƐŝŽŶƐ ?  tŚŝůĞ ŵĞƚŚŽĚƐ ƚŚĂƚ ŵĂŬĞ ůŝŶŬƐ ďĞƚǁĞĞŶ ƚŚĞ
ƐƚƌƵĐƚƵƌĞĂŶĚƚŚĞďĞŚĂǀŝŽƵƌĐůĞĂƌůǇŚĂǀĞŐƌĞĂƚƉŽƚĞŶƚŝĂůƚŽǇŝĞůĚƵŶĚĞƌƐƚĂŶĚŝŶŐ
ŽĨƚŚĞŵĞĐŚĂŶŝƐŵƐĂŶĚĐŽƵůĚůĞĂĚƚŽĂĐĐƵƌĂƚĞƉƌĞĚŝĐƚŝŽŶƐ ?ĂĐĐĞƐƐŝŶŐĂůůŽĨƚŚĞ
ƌĞƋƵŝƌĞĚƉĂƌĂŵĞƚĞƌƐĞǆƉĞƌŝŵĞŶƚĂůůǇĐĂŶďĞĐŚĂůůĞŶŐŝŶŐ ? ƚ^ƌƵĐƚƵƌĂůĚŝĨĨĞƌĞŶĐĞƐ
ŝŶŚĞƌĞŶƚ ŝŶ ƚŚĞ ĚŝĨĨĞƌĞŶƚ ŵĂŶƵĨĂĐƚƵƌŝŶŐ ƚĞĐŚŶŝƋƵĞƐ  ?Ğ ?Ő ? ƚŚĞ ƚŚŝŶ ƐƚƌƵƚ
ƚŚŝĐŬŶĞƐƐĞƐ ƐĞĞŶ ŝŶ ƚŚĞŚŝŐŚ ƉŽƌŽƐŝƚǇ ŝŶǀĞƐƚŵĞŶƚĐĂƐƚ ĨŽĂŵƐ ? ?ĂŶĚĐŚĂŶŐĞƐ ŝŶ
ƐƚƌƵĐƚƵƌĞŽǀĞƌůĂƌŐĞƌĂŶŐĞƐŽĨƉŽƌŽƐŝƚǇ ?ŵĞĂŶƚŚĂƚĂŐĞŶĞƌĂůĐŽƌƌĞůĂƚŝŽŶĨŽƌd
ǁŝůůďĞĚŝĨĨŝĐƵůƚƚŽĂĐŚŝĞǀĞ ? 
 
7. Conclusion 
dŚĞ ĞĨĨĞĐƚŝǀĞ ƚŚĞƌŵĂů ĐŽŶĚƵĐƚŝǀŝƚǇ ?d ?ŽĨ ĂůƵŵŝŶŝƵŵ ŵĞƚĂů ƐƉŽŶŐĞƐ
ŵĂŶƵĨĂĐƚƵƌĞĚ ƵƐŝŶŐ ƚŚĞ ƌĞƉůŝĐĂƚŝŽŶ ƚĞĐŚŶŝƋƵĞ ǁĞƌĞ ŵĞĂƐƵƌĞĚ ďǇ Ă
ĐŽŵƉĂƌĂƚŝǀĞƐƚĞĂĚǇƐƚĂƚĞ ƚĞĐŚŶŝƋƵĞ ? dŚĞƉŽƌŽƐŝƚǇ ƌĂŶŐĞĚ ĨƌŽŵ  ? ? ? ƚŽ  ? ? ? ĨŽƌ
ĨŽƵƌĚŝĨĨĞƌĞŶƚƉŽƌĞƐŝǌĞƐ ? ? ? ? ?ƚŽ ? ? ?ŵŵ ? ?dŚĞŝŵƉĂĐƚŽĨƚŚĞƌŵĂůĐŽŶǀĞĐƚŝŽŶŽŶ
ƚŚĞŵĞĂƐƵƌĞŵĞŶƚƐ ǁĂƐ ĨŽƵŶĚďǇĐŽŵƉĂƌŝŶŐ ƚŚĞƌĞƐƵůƚƐ ĨŽƌĂŚĞĂƚ ĨůƵǆĂĐƚŝŶŐ
ǁŝƚŚ ĂŶĚ ĂŐĂŝŶƐƚ ŐƌĂǀŝƚǇ ? /ƚ ŝƐ ĞƐƚŝŵĂƚĞĚ ƚŚĂƚ ĐŽŶǀĞĐƚŝŽŶ ŚĞĂƚ ƚƌĂŶƐĨĞƌ ŵŝŐŚƚ
ĐŽŶƚƌŝďƵƚĞƵƉƚŽ ?A?ŽĨƚŚĞŚĞĂƚƚƌĂŶƐĨĞƌƚŚƌŽƵŐŚƚŚĞƐĂŵƉůĞƐ ? 
dŚĞĞĨĨĞĐƚŝǀĞƚŚĞƌŵĂůĐŽŶĚƵĐƚŝǀŝƚǇǁĂƐĨŽƵŶĚƚŽĨĂůůǁŝƚŚŝŶĐƌĞĂƐŝŶŐƉŽƌŽƐŝƚǇ ?
dŚĞ ŵĞĂƐƵƌĞŵĞŶƚƐ ǁĞƌĞ ƐŝŵŝůĂƌ ƚŽ ƚŚŽƐĞ ŽĨ ŽƚŚĞƌ ǁŽƌŬĞƌƐ ĨŽƌ ĐůŽƐĞĚ ĐĞůů
ƉŽƌŽƵƐ ŵĂƚĞƌŝĂůƐ ?  ŽŵƉĂƌŝƐŽŶ ŽĨ ƚŚĞ ƌĞƐƵůƚƐ ĨƌŽŵ ƚŚŝƐ ƐƚƵĚǇ ĂŶĚ
ŵĞĂƐƵƌĞŵĞŶƚƐŽĨŽƚŚĞƌǁŽƌŬĞƌƐǁŝƚŚĂƐĞůĞĐƚŝŽŶŽĨŵŽĚĞůƐĂŶĚĞǆƉƌĞƐƐŝŽŶƐĨŽƌ
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